Illusory hand movements can be elicited by a textured disk or a visual pattern rotating under 28 one's hand, while proprioceptive inputs convey immobility information (Blanchard et al., 2013). Here 29 we investigated whether visuo-tactile integration can optimize velocity discrimination of illusory hand 30 movements in line with Bayesian predictions. We induced illusory movements in fifteen volunteers by 31 visual and/or tactile stimulation, delivered at six angular velocities. The participants had to compare 32 hand illusion velocities with a 5°/s hand reference movement in an alternative forced choice paradigm.
Introduction

60
To perceive our body movement in space, we can rely on several sensory inputs. Among them, Then, the participants were trained to perform a reproducible 5 °/s clockwise hand rotation. During this 178 second 15 minute session, with their middle fingers they had to follow a red line moving at 5 °/s that 179 was repeatedly projected onto the disk every 7.5 seconds. Participants were asked to memorize the 180 movement using all the available information (tactile, visual and proprioceptive feedback, plus efferent 181 motor command). This 5 °/s movement was chosen as the reference to which participants would have 182 to compare their perception during the discrimination test phase. Discrimination test phase 186 The experimental test consisted of a 2-AFC (alternative forced choice) discrimination 187 task with constant stimuli. A stimulation condition (visual, tactile or combined) and the 188 reference movement were presented by pairs in random order. The participants were instructed 189 to say out loud whether the illusory movement they perceived was faster or slower than the 190 reference movement. 191 The reference movement executed during the experimental test was similar to that performed 192 during the training phase except that the red line appeared only during the first and the last of the 6 193 seconds of the movement duration to prevent the participants from using only visual feedback. 194 Three stimulation conditions were randomly intermixed within the experimental sessions: two 195 unimodal conditions (tactile T, visual V) and one bimodal condition (visuo-tactile VT). For each 196 stimulation condition, 6 intensities were tested and presented immediately before or after the reference 197 movement. All stimuli lasted 6 seconds (as the reference movement) and the inter-stimulus intervals 198 ranged between 1.7 and 2.3 seconds. Before each reference/stimulation pair, a white line was projected 199 to make sure that participants always positioned their hand in the same orientation. Participants were 200 instructed to focus on their hand to estimate as accurately as possible whether the illusory movement 201 they perceived was faster or slower than the reference movement they executed just before or just after 202 each stimulus. They had to keep their eyes open, except if a green screen appeared signaling them to close their eyes before a tactile-only stimulus. At the end of each pair (reference/stimulation) 204 presentation, participants had 2 seconds to answer ("faster" or "slower") and 3 seconds ( 300 ms) 205 before a new pair was presented. The presentation order of the 18 stimulation conditions was 206 counterbalanced for each subject. 215 Participants were asked to compare the velocity of each illusory movement they experienced 216 during the unimodal and bimodal stimulation conditions with the velocity of the same reference 217 movement, consisting of a clockwise rotation of the right hand at 5 °/s that they actively performed just 218 before or just after every stimulus. All reference movements were recorded using an optical motion 219 capture system (CODAmotion, Charnwood Dynamics, Rothley, UK) composed of 3 infrared 'active' 220 markers and one camera to track the 3D marker positions (sampling frequency: 10 Hz). Markers were 221 attached to the participants' middle finger, on the top of their hand back, and on the last third of their 222 forearm to capture the angular rotation of their wrist during the reference movement execution.
Movement acquisition and kinematic analysis
223
For each participant, the mean angular velocity of hand movements was extracted with the 224 Codamotion Analysis software (V6.78.2). Reproducibility of the reference movement across the 270 225 trials during the Standard experiment was further tested by a one-way ANOVA for each participant 226 with the session (4 sessions) as experimental factor for the Standard condition (without vibration) and 227 the Noisy condition (with co-vibration stimulation). As expected, no significant difference in the mean 228 velocity of the reference movement was found between sessions whatever the participant neither in the Standard nor the Noisy condition. Note that individual variability estimated from the four sessions 230 ranged between 0.22 and 0.37 °/s. We further verified the precision of estimation of the reference 231 movement in a complementary experiment performed on ten naïve participants consisting in a 232 discrimination task between several self-hand rotations actively executed. Participants were asked to 233 compare the velocity of the fixed reference movement set at 5°/s (like in the main experiments) with 8 234 other hand movement velocities (3.5°/s, 4 °/s, 4.5 °/s, 4.75 °/s, 5.25 °/s, 5.5 °/s, 6 °/s, or 6.5 °/s). Again, 235 the estimated variability was found to be small (ranging from 0.33 to 0.79 °/s).
236
A one-way ANOVA was also performed to ensure that reference movement was not 237 significantly different between participants (Standard condition: F(3, 42) = 1.05, P = .38; Noisy 238 condition: F(3, 36) = 0.21, P = .89). Finally, a Student's paired t test was used to ensure the 239 reproducibility of the reference movement between the Standard condition and the Noisy condition.
240
There was no significant difference between these conditions (meanStandard = 4.6 ± 0.08 °/s meanNoisy = 241 4.7 ± 0.07 °/s; P = .34), suggesting that participants referred on average to the same velocity of 242 reference movement in both conditions. 244 In order to evaluate and compare participants' perceptual performance across the three 245 stimulation conditions (T, V, VT), the psychometric data (i.e. the proportion of "faster than the 246 reference" answers at different stimulation intensities) were fitted by a cumulative Gaussian function:
243
Data analysis
where represents the stimulus velocity (in degrees per second); μψ is the mean of the Gaussian, i. To compare discrimination sensitivity across the three stimulation conditions (T, V and VT), Since an improvement of discrimination sensitivity corresponded to a decrease in σ value, the MSI was 264 computed as follows: For the fifteen participants, we compared the response gains between the three sensory stimuli (T, 
305
The MLE model and its predictions can easily be tested on the behavioral data of a multisensory 306 discrimination experiment. It can be shown that the same relation presented in equation 2 for the 307 variance of the sensory likelihood does actually apply to the standard deviation (σψ) of the estimated 308 cumulative-Gaussian psychometric curve (i.e. its discrimination threshold). In particular, in this study, 309 predicted and observed visuo-tactile discrimination thresholds were compared in order to determine if 310 the integration of vision and touch was optimal with regard to the discriminative sensitivity of the 311 participants.
312
It should be noticed that in the present experimental context, the uncertainty related to the reference 313 movement velocity estimation could account for a portion of the estimated discrimination threshold σψ. 314 We will address this issue in the next session. In the present study, kinesthetic illusions of hand movements were induced while participants were 318 aware that their hand was actually not moving. This Prior knowledge was also supported by muscle 319 proprioceptive feedback from their stationary wrist. The conflict between this static information and 320 the moving tactile or visual information may account for the extremely low gain of the velocity 321 illusions with respect to the actual velocity of the moving stimuli (Blanchard et al., 2013).
322
In order to account for the low gain of the uni-and multimodal illusions, a more complex Bayesian 323 model was elaborated including a zero-centered Gaussian Likelihood accounting for muscle 324 proprioceptive cues and a Gaussian Prior distribution centered on zero too. The combination of those 325 two distributions is also a zero-centered Gaussian distribution. Therefore, to preserve the model 326 parsimony, we will treat these distinct contributions as a single probability distribution and we will 327 refer to it as "Prior" throughout the present manuscript. which -on the ground of the assumption of normality -implies that its mean is equal to ( + 363 ).
364
By substituting these equalities in the system of equations 4, we obtained the expression of the Step 1). 379 We then applied the MLE predictions for the estimate of the Likelihood variance in the condition of 
438
In order to quantify the benefit resulting from visuo-tactile stimulation, the multisensory index on the basis of his/her performances in the two unimodal conditions. As illustrated in Figure 5D , 450 comparing these estimates to the experimental observations during the visuo-tactile condition showed 451 that the data estimates did not differ significantly from the observed  values (Student's Paired t test, P 452 = .55). Note that including the variability of the reference reproduction task in the model did not cues instead of one may increase the conflict between static and movement information, thus leading 598 to a lower weight for the common origin hypothesis. In the latter case, this conflict increase may have 599 degraded multisensory integration and may then have led the participants to partly attribute the visual and tactile motion cues to a different origin, in the environment, rather than their own body. However, 601 a change in causal attribution does not seem to fully explain the present results since it is not consistent 602 with the observation of an increased (although suboptimal) gain in the visuo-tactile condition and also 603 the fact that all the participants reported more salient illusory hand movements in bimodal compared to 604 unimodal conditions. Lastly, segregation is more likely to occur for large discrepancies between cues.
605
Therefore future studies should be conducted to test whether increasing the conflict between static and 606 motion information (using higher velocity stimulation) results in a greater deviation from optimality.
607
Regardless of the conflict between static and motion cues, a second explanation for the 608 overestimation of the bimodal gain improvement can be considered. One can speculate that there is an 609 illusory percept that is being used for a behavioral report and simultaneously a non-reported judgment Finally, taking into account the crucial role of muscle proprioception in kinesthesia, the 620 suboptimality in the present study can be interpreted as a weighting bias in favor of this modality.
621
Biases toward one sensory cue in multisensory conflicting situations that cannot be explained by a to the most appropriate one. This interpretation is consistent with the appropriateness principle (Welch et al., 1980) : discrepancies between senses tend to be resolved in favor of the modality not only 627 generally more reliable, but also more appropriate to the task at hand. Recently, Block and Bastian 628 (2011) demonstrated that the weighting and realigning strategies are two independent processes that 629 might occur in conjunction.
630
In the present experiment, the conflict increase between static and movement information may 631 lead to an apparent suboptimal estimation of the illusion velocity due to a recalibration of the visuo-632 tactile estimation with respect to the static proprioceptive information. Indeed, the CNS may rely more 633 on less ambiguous information, which is muscle proprioceptive information, rather than on visual or 634 tactile information which can both relate to either self-body or environmental changes. Such a 635 recalibration mechanism could thus explain why the perceptual benefit of the bimodal situation was 636 lower than predicted.
637
To test this hypothesis, we degraded muscle proprioceptive signals in order to reduce the reliability of 638 the static information. Natural messages from muscle spindles were masked thanks to a concomitant 639 vibration applied onto the wrist antagonist muscles (Roll et al., 1989) . Such vibration efficiently 640 degraded the information of hand immobility: the velocity required to give rise to an illusory 641 movement with a velocity close to the reference value was lower than previously observed in the inputs. The more reliable the visual information, the less activity in S1 increased. Altogether these observations support the assumption that the level of activation of primary sensory regions 683 may reflect the relative weight of the sensory cues, and that the perceptual enhancement due to convergent 684 multisensory information might be achieved through a multistage integration processing involving dedicated 685 heteromodal brain regions as well as direct interactions between primary sensory areas. Although the cerebral 686 networks responsible for visuo-tactile integration involved in self-body movement perception remain to be 687 identified, neural recordings from visuo-vestibular cortical regions support the assumption of a Bayesian-like 688 multisensory integration at the cortical level, bridging the gap between neurophysiological, computational and 689 behavioural approaches. The present findings show for the first time that kinesthetic information from visual and tactile 693 origins is optimally integrated to improve speed discriminative ability for self-hand movement 694 perception. In addition, by inducing illusory movement sensations, we created an artificial conflict 695 between static muscle proprioceptive information and moving tactile and/or visual information. Such 696 sensory conflict might explain the low-perceptual gains of the observed illusions, as attested by the 697 increase in illusion gain when muscle proprioception was masked. However, we observed an over-698 weighting in favor of the non-moving hand cues that cannot be fully predicted by a Bayesian optimal 699 weighting process including a Prior favoring hand immobility. An additional recalibration strategy 700 favoring the less ambiguous information in conflictual situations might explain such bias toward the 701 static proprioceptive cues that are omnipresent and play a crucial rule for kinesthesia. Participants exposed to a counterclockwise rotation of the tactile and/or visual stimuli had to report 847 whether the induced clockwise illusion of hand rotation they perceived was faster or slower than the 848 velocity of the reference movement they actively executed before or after each stimulation. In order to estimate self-hand movement velocity, the CNS is supposed to proceed as an inference 
